Positive and negative magnetocapacitance in magnetic nanoparticle systems 
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The dielectric properties of MnFe2C>4 and 7-Fe2 03 magnetic nanoparticles embedded in insu- 
lating matrices were investigated. The samples showed frequency dependent dielectric anomalies 
coincident with the magnetic blocking temperature and significant magnetocapacitance above this 
blocking temperature, as large as 0.4% at H = lOkOe. For both samples the magnetic field induced 
change in dielectric constant was proportional to the square of the sample magnetization. These 
measurements suggest that the dielectric properties of magnetic nanoparticles are closely related 
to the disposition of magnetic moments in the system. As neither bulk 7-Fe2 03 nor MnFe2 04 
are magnetoelectric materials, this magnetodielectric coupling is believed to arise from extrinsic 
effects which are discussed in light of recent work relating magnetoresistive and magnetocapacitive 
behavior. 

PACS numbers: 75.50Tt, 77.22. Gm, 77.84.Lf 



Given the renewed activity in investigating materi- 
als exhibiting strongly coupled electric and magnetic 
properties, there is great interest to develop new sys- 
tems with large magnetocapactive couplings. In this con- 
tribution, we experimentally explore the possibility of 
developing new magnetodielectric materials using mag- 
netic nanoparticles, and discuss our results in the con- 
text of a magnetoresistive origin for magnetocapacitive 
couplings. 

Nanoscale composites can often show large interac- 
tions between the magnetic and electronic properties. 
For example, in composite materials formed by deposit- 
ing CoFe204 nanopillars in a BaTi03 matrix, the elas- 
tic coupling between the different constituents gives rise 
to sizable magnetoelectric coupling. Q Here we focus on 
magnetic nanoparticle systems, whose magnetic proper- 
ties are well understood in terms of thermally activated 
spin flipping, and yet have not been much studied 
from the viewpoint of the relationship between dielec- 
tric and magnetic properties. 0, 0, Q Very recent work 
on e-Fe203 nanoparticles show large magnetocapacitive 
couplings, which are attributed to intrinsic magnetoelec- 
tric couplings in this material 7] . 

The systems investigated here are magnetic nanopar- 
ticles of 7-Fe203 and MnFe2C>4 embedded in insu- 
lating matrices. The magnetic properties of these 
nanoparticle systems are well understood. 0, Q The 
MnFe204 nanoparticles were prepared through the high- 
temperature decomposition of metal acetylacetonate 
precursors, and are capped with long chain organic 
molecules, which form the insulating matrix, ^(j The 
nanoparticles were characterized using X-ray diffraction 
(XRD) and electron microscopy, showing they are crys- 
talline with an average diameter of 4.6 nm. The 7~Fe203 
nanoparticles were prepared through a set of sequential 
reactions described elsewhere (ref. XRD charac- 

terization show these nanoparticles are crystalline and 
electron microscopy indicated an average particle diam- 



eter of 5.5 nm. 

AC magnetic susceptibility measurements were per- 
formed on a Quantum Design PPMS between T = 2K 
and T — 300 K at magnetic fields up to H = 10 Oe. In 
order to measure the dielectric properties of these ma- 
terials, we cold pressed approximately 50 mg of sample 
into a thin, solid pellet. For the MnFe204 sample, we 
deposited gold electrodes on opposite sides of this pellet, 
and attached platinum leads using silver epoxy. For the 
7~Fe203 sample electrodes were fashioned and the leads 
attached using silver epoxy. We mounted the sample in 
the PPMS using a custom designed probe and measured 
the complex dielectric constant with measuring frequen- 
cies between uj m /2-K = 5 kHz and Lu m /2n = 1 MHz using 
an Agilent 4284A LCR meter. 

The upper panels of FIG. 1 show the temperature de- 
pendence of the out-of-phase AC magnetic susceptibil- 
ity x" (l° ss component) of the MnFe 2 04 and 7-Fe203 
nanoparticles, and the lower panels show the tempera- 
ture dependence of out-of-phase dielectric loss tangent 
e" recorded at H = 1 kOe. The data were acquired at 
different measurement frequencies. In the Neel-Brown 
model, P| the characteristic relaxation time for the mag- 
netization of each (non-interacting) nanoparticle is given 
by: 



r = T exjp(E A /k B T) 



(1) 



where r is the relaxation time for the magnetic moment, 
To is a microscopic timescale (normally close to 10 -9 sec- 
onds) , Ea is the energy barrier to moment reversal (taken 
to be the product of nanoparticle volume V and magne- 
tocrystalline anisotropy K; Ea — KV), and T the tem- 
perature. At high temperatures, t will be smaller than 
the characteristic measuring time - the nanoparticles are 
in the superparamagnetic state - while at low tempera- 
tures t will be large, and the nanoparticle moments are 
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FIG. 1: Upper left panel: Out-of-phase component of mag- 
netic susceptibility of the 4.6 nm MnFe2 04 nanoparticles 
plotted versus temperature at H = 1 kOe. The AC mea- 
suring frequencies are: 100 Hz (leftmost curve), 3kHz (mid- 
dle curve), and 10 kHz (rightmost curve). Lower left panel: 
Out-of-phase dielectric component of the 4.6 nm MnFe2C>4 
nanoparticles plotted versus temperature at H = 1 kOe. Fre- 
quencies: 5kHz (leftmost curve), 50kHz (middle curve), and 
1 MHz (rightmost curve). Upper right panel: Out-of-phase 
component of magnetic susceptibility of the 5.5 nm 7-Fe203 
nanoparticles plotted versus temperature at H = 1 kOe. Fre- 
quencies: 1kHz (leftmost curve), 3kHz (middle curve), and 
10 kHz (rightmost curve). Lower right panel: Out-of-phase di- 
electric component of the 10 nm 7-Fe203 nanoparticles plot- 
ted versus temperature at H = 1 kOe. Frequencies: 10 kHz 
(leftmost curve), 30kHz (middle curve), and 100 kHz (right- 
most curve). 



thermally blocked. The peak in x" occurs at the tem- 
perature where rw m = 1, with r determined from Eq. 1, 
and to m is the AC measuring frequency. 

The lower panels in FIG. 1 show that the loss compo- 
nent of the dielectric constant of MnFe204 and 7-Fe203 
exhibit peaks at temperatures commensurate with the 
transition from the high temperature superparamagnetic 
regime to the low temperature blocked state. This ar- 
gues that the dielectric properties of the MnFe 2 04 and 7- 
Fe2C>3 nanocomposites are sensitive to the magnetic dy- 
namics. We believe these nanoparticles are rigidly fixed 
within the insulating matrix at all temperatures, so this 
dielectric anomaly does not arise from any physical mo- 
tion of the nanoparticles. This observation that the peaks 
in x" and e" in both systems show as correspondence is 
significant because it demonstrates that this coupling be- 
tween magnetic and dielectric properties of nanoparticles 
is apparently general feature of such systems, and does 
not depend on any specific material property. 

Furthermore, if the underlying mechanism for both the 
magnetic and dielectric relaxation is thermally activated 
moment reversal (Eq. 1) in individual nanoparticles, the 
magnetic and dielectric data should fall on the same 
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FIG. 2: Natural logarithm of the measuring frequency plot- 
ted against the inverse temperature of the loss peak for 7- 
Fe2 03. The open symbols were extracted from the magneti- 
zation data, the solid symbols from the dielectric data. 



curve. Figure 2 shows the Arrhenius curve for the low 
temperature relaxation feature for 7-Fe203 determined 
using magnetic and dielectric measurements on the same 
plot. Within experimental error, these two curves agree 
very well, giving an activation energy of — 710 K. 
This agreement provides very strong evidence that the 
anomalies observed in the dielectric constant of these sys- 
tems have their origins in the magnetic properties of the 
nanoparticles. 

As a final probe of the magnetodielectric properties 
of these MnFe204 and 7-FC2O3 systems, we investi- 
gated the magnetic field dependence of the dielectric con- 
stant at fixed temperature. The upper panel of Figure 3 
plots the fractional change in dielectric constant of the 
MnFe204 composite as a function of magnetic field. The 
dielectric constant of MnFe204 decreases by almost 0.1% 
when a magnetic field of H — 10 kOe is applied at T 
= 70 K. The lower panel of Figure 3 shows the relative 
change in dielectric constant of 7-Fe203 as a function 
of magnetic field at several different temperatures. Well 
above the blocking temperature, at T — 200 K and T = 
300 K, the dielectric constant increases by over 0.4% in 
a field of H = 10 kOe. However, at T = 20 K and T = 
100 K the dielectric constant is effectively independent of 
magnetic field, at least below H = 10 kOe. The square 
of the magnetization is plotted as the solid symbols in 
Fig. 4, at T = 70 K for MnFe 2 4 , and T = 300 K for 
7~Fe203. For both these nanoparticlc samples, the frac- 
tional change of the magnetic field induced change in the 
dielectric constant can be well approximated by: 

Ae 9 

— = aM 2 . (2) 

A similar dependence of the change in dielectric con- 
stant on the square of the ma gne tization has been ob- 
served in several bulk materials. 12, 

MM For MnFe 2 4 , 
nanoparticles, a is small and negative, while for 7-Fe203, 
a is roughly a factor of 20 larger and positive. 
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FIG. 3: Upper Panel: Relative change in the dielectric con- 
stant of the 4.6 nm MnFe204 nanoparticle system as a func- 
tion of external magnetic field, measured at T =70 K and 
a frequency of 1 MHz. Solid symbols plot the negative of the 
square of the sample magnetization at T = 70 K. Lower Panel: 
Relative change in the dielectric constant of the 5.5 nm 7- 
Fe2C>3 nanoparticle system as a function of external magnetic 
field, at temperatures from T — 20 K to T =300 K, as indi- 
cated on the figure. The measuring frequency was 300 kHz. 
The solid symbols plot the square of the sample magnetization 
at T = 300 K. 



These results can be well understood in terms of a 
recent proposal suggesting that inhomogeneous systems 
with large magnetoresistance should also show signif- 
icant magnetocapacitive effects. In this framework, 
the Maxwell- Wagner capacitor model is used to pre- 
dict the dielectric response of magnetoresistive materi- 
als. The measured capacitance depends on the resis- 
tance of the bulk-like and interfacial layers in the sys- 
tem. If the resistance of these layers is changed in a 
magnetic field, the capacitance will change as well, lead- 
ing to a magnetodielectric shift. It has been established 



that magnetic nanoparticles often show magnetoresistive 
properties, 0,0] attributed to spin-polarized tunneling, 
so magnetic nanoparticles may be expected to show such 
magnetodielectric effects. Our data agree qualitatively 
with several predictions of this model: the shift in dielec- 
tric constant is proportional to the square of the mag- 
netization, and we observe both positive (7-Fe203) and 
negative (MnFe204) magnetocapacitance. We can also 
compare our results with quantitative predictions of the 
model. With the same assumptions made by Catalan^ 
together with published values for the magnetoresistance 
of 7-Fe2C>3 (-2% magnetoresistance at H = lOkOejlq 
the predicted magnetocapacitance for 7-Fe2C>3 at 300 K 
is on the order of 1%. This is comparable to our observed 
value of 0.4%. 

In conclusion, we have investigated the dielectric prop- 
erties of MnFe204 and 7-Fe203 magnetic nanoparticle 
composites. Both of these materials exhibit a peak in 
dielectric loss at the magnetic blocking temperature, and 
both show a field dependent dielectric constant above 
the blocking temperature which varies as the square of 
the sample magnetization. Our data, including the dif- 
ferent signs for the magnetocapacitance in 7-Fe203 and 
MnFe204, can be well understood using a recently pro- 
posed model for magnetodielectric coupling in magne- 
toresistive systems., 2] These results are significant be- 
cause they provide experimental confirmation for com- 
posite magnetodielectric systems with magnetoresistive 
constituents, with electronic rather than elastic magne- 
tocapacitive couplings. Furthermore, our results empha- 
size that magnetodielectric anomalies in themselves are 
not proof of multiferroic behavior. |2j 
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